This work describes the highly sensitive detection of organophosphorus pesticides employing the cobalt(II) 4,4,4,4-tetrasulfo-phthalocyanine (CoTSPc) macrocycle complex, carbon nanotubes (CNT), and 1-methyl-3-octylimidazolium tetrafluoroborate (OMIM[BF4]). The technique is based on enzyme acetylcholinesterase (AChE) inhibition. The composite was characterized by scanning electron microscopy (SEM), Fourier transform infrared (FT-IR) spectroscopy, and amperometry. The AChE was immobilized on the composite electrode surface by cross-linking with glutaraldehyde and chitosan. The synergistic action of the CoTSPc/CNT/OMIM[BF4] composite showed excellent electrocatalytic activity, with a low applied potential for the amperometric detection of thiocholine (TCh) 
Introduction
The term "pesticides" is used to describe a very wide range of substances employed as weed killers, insecticides, fungicides, and other similar agents. Rivers and groundwater may contain traces of pesticides resulting from agricultural use (especially pest control in crops) and non-agricultural use (such as herbicides used for weed control on highways and railways). EU regulations specify maximum concentrations of 0.1 μg L -1 (individual pesticides) and 0.5 μg L -1 (total pesticides) (EU Directive 2000/60/EC). 1 Organophosphorus (OP) pesticides comprise a heterogeneous group of compounds that include some of the most toxic chemicals specifically designed for the control of pests, weeds, and plant diseases. Their application remains one of the most effective and accepted means of protecting plants, and has contributed significantly to enhanced agricultural productivity and crop yields. 2 The toxicity of OP pesticides is due to the ability of these compounds to inhibit the enzyme acetylcholinesterase (AChE) at cholinergic junctions of the nervous system. Thiocholine (TCh) is one of the products of acetylthiocholine (ATCh) hydrolysis with enzyme AChE, and its detection can be used to evaluate the activity of AChE, which is a biomarker for the biological effect of certain pesticides (organophosphates and carbamates) that inhibit the activity of AChE in muscle and nerve tissues. 3, 4 Biosensors based on inhibition of the AChE are the most frequently used for the identification and quantification of OP pesticides, due their advantages of simplicity, rapidity, reliability, and low cost. 5 The oxidation of TCh occurs at a relative high potential (∼700 mV) on carbon-based electrodes. 6 Therefore, the reduction of the working potential can be achieved by using mediators that provide higher selectivity and sensitivity. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] However, a major disadvantage of most biosensors developed for pesticides is that they do not have sufficient sensitivity to measure sub-nanomolar concentrations, so the search for new devices is very important for the development of highly sensitive systems.
Carbon nanotubes (CNT) are promising materials for sensing applications due to their unique electronic properties that are distinct from that of other carbonaceous materials. The small dimensions, functional surfaces, good conductivity, excellent biocompatibility, modifiable sidewalls, and high reactivity of CNT make them highly suitable for the fabrication of high performance electrochemical sensors. 19 Ionic liquids (ILs) are a group of chemicals that have gained increasing attention as alternative solvents in recent years. 20 These substances are molten salts whose melting points are close to, or below, room temperature. The good solvating properties, high conductivity, non-volatility, low toxicity, wide electrochemical window (i.e. the electrochemical potential range over which the electrolyte is neither reduced nor oxidized on electrodes), and good electrochemical stability make ILs suitable for many applications. 20 ILs based on imidazolium cation has been shown to be very promising for electrochemical applications, 6 however, there are few reports concerning the use of ionic liquids in the development of pesticide biosensors.
Carbon nanotubes can be easily dispersed in ILs, with the high viscosity greatly enhancing the conductivity. This, together with high chemical and electrochemical stability, means that these systems have considerable potential in electrochemical applications. 20 The synergistic effect of the counterparts is exploited in different type of composites in order to improve the analytical performances of composite modified electrodes. 6 The gel between CNT and imidazolium ionic liquids act as better materials for improving the electrochemical transfer in electrochemical biosensors. 6 However, in many cases, electrochemical sensors based on ionic liquids and carbon nanotubes are unable to provide the sensitivity required for the detection of species present at very low concentrations. This problem can be resolved using electron-transfer mediators that, and besides increasing the sensitivity of the system, are able to decrease the overpotential required for oxidation or reduction of the analyte.
Metallic macromolecules, such as phthalocyanines, are particularly attractive for this purpose due to their physical and chemical properties, which include high thermal and chemical stability, non-toxicity, defined redox activity, semiconductivity and catalytic efficiency. 21 Cobalt phthalocyanine tetrasulfonate (CoTSPc) readily adsorbs on graphite substrates forming very stable layers which show electrocatalytic activity for the redox process of molecules. 22 The smart integration of carbon nanotubes with metallophthalocyanine complexes and ionic liquids on electrode surfaces has the potential to improve the electrocatalytic response of certain analytes compared to the individual use of these materials, and consequently a higher sensitivity and lower detection limit. In this sense, the present work describes the development of a novel biosensor that is efficient, ultrasensitive, reusable, and stable. The device is based on the enzyme AChE immobilized on a macrocycle complex (tetrasulfonated cobalt phthalocyanine-CoTSPc), multi-walled carbon nanotubes, and the ionic liquid 1-methyl-3-octylimidazolium tetrafluoroborate (OMIM[BF4]) used as an agglutination agent. The proposed method is based on the inhibition of enzymatic activity, measured by amperometric detection of TCh at a CoTSPc/CNT/OMIM[BF4] composite paste electrode (Fig. S1 , Supporting Information). In this sense, the detection of the pesticides is simply based on the determining the difference in enzyme activity in the presence and absence of inhibitor, according to the following equations:
The enzymatic biosensor was successfully employed for the detection of organophosphorus pesticides without any kind of sample pretreatment. To our knowledge, this is the first time that AChE has been immobilized onto a CoTSPc/CNT/ OMIM[BF4] paste electrode for the determination of OP pesticides at picomolar levels.
Experimental

Reagents and apparatus
Multi-walled carbon nanotubes (diameter 7 -15 nm, length 0.5 -10 μm, >90% purity), AChE (100 U mL -1 ), OMIM[BF4] (99% purity), ATCh, TCh, glutaraldehyde (25%), fenitrothion, dichlorvos, and malathion were purchased from Sigma-Aldrich (St. Louis, MO).
CoTSPc was synthesized and purified according to the procedure of Weber and Busch. 23 Chitosan (95% deacetylation), phosphate buffer (PBS, pH 8.0), and other reagents were of analytical grade.
Scanning electron microscopy (SEM) was performed using a JSM-6510LV instrument. For electronic microscopic analysis, we used carbon ribbon to deposit only the CNT, only CoTsPc complex and the CNT/CoTsPc composite. Fourier-transform infrared (FT-IR) spectra were obtained using a UV-Vis-NIR Cary-5000 spectrometer in the region of 4000 -400 cm -1 . 1% KBr tablets were prepared for analysis of each material (CNT, CoTsPc complex and the CNT/CoTsPc composite). Electrochemical measurements were performed with an Autolab PGSTAT 128N potentiostat/galvanostat (Eco Chemie) coupled to a microcomputer and controlled with NOVA 1.5 software. A three-electrode electrochemical cell was employed for all electrochemical measurements. The electrodes were inserted into a 5-mL beaker, through holes in a Teflon ® cover. The working electrode was a Metrohm carbon paste electrode ), respectively. In this study, all of the potentials were reported with respect to this reference electrode.
Preparation of the CoTSPc/CNT/OMIM[BF4] composite material
The adsorption of CoTSPc on the CNT was carried out by mixing 100 mg of CNT with 5 mL of a 1 mmol L -1 solution of CoTSPc in DMSO, under ultrasonic agitation for 10 min, and then leaving the material to stand for 24 h. The solid was separated using a filter paper, and washed with doubly distilled water. The resultant composite was compact, with high mechanical stability and low electrical resistance, and could be easily renewed. 5 μL of the OMIM[BF4] ionic liquid was then added and mixed with the CoTSPc/CNT composite material.
AChE solution preparation and CoTSPc/CNT/OMIM[BF4]/ AChE biosensor fabrication
Firstly, 0.02 g of chitosan were added to 2 mL of acetic acid (0.16 μmol L -1 ), forming a colloid that was stored at 4 C. Subsequently, a solution of 10 μL of AChE liquid (100 U/mL protein), 5.0 μL of chitosan colloid (10.0%), and 5 μL of glutaraldehyde (50%) were mixed and stored at 4 C before use. The chitosan membrane material contains a large number of -NH2 and OH groups, which help to maintain a high biological activity of immobilized biomolecules. Further advantages of chitosan are its non-toxicity and low cost. Therefore, it is widely used as a carrier material for enzyme immobilization. Chitosan can provide a favorable microenvironment and prolong the storage life of enzymes. The solution pH, ATCh concentration, and incubation time were varied in order to identify the optimal immobilization conditions. In this work, at least three replicates were performed for each parameter.
Study of the incubation time of the CoTSPc/CNT/OMIM[BF4]/ AChE biosensor in the pesticide solution and amperometric pesticides determination
The longer an enzyme is incubated with its substrate, the greater the amount of product that will be formed. The pesticide detection was carried out with a two-step procedure.
The initial response of the biosensor for 50.0 mmol L -1 of ATCh was recorded as ΔI0; then, the biosensor was incubated for 6 min in 5 mL of standard solutions of pesticides. After incubation, the biosensor was washed with a phosphate buffer solution and distilled water many times. The biosensor was transferred to a cell containing 5 mL of phosphate buffer solution (pH 8.0) and 50 mmol L -1 of ATCh and the amperometric measurement was carried out. The current shift was recorded as ΔI1. The percent of pesticide inhibition (I, %) was calculated as follows:
where ΔI0 is the ATCh current at the biosensor without inhibition, and ΔI1 is the ATCh current at the biosensor with pesticide inhibition. Analytical curves were constructed in the concentration range of 0.001 up to 1.0 nmol L -1 , 0.002 up to 8.0 nmol L -1 and 0.00 up to 5.0 nmol L -1 for fenitrothion, dichlorvos and malathion, respectively.
Results and Discussion
Composite characterization
The characterization of the unmodified CNT, the CoTSPc complex, and the CoTSPc/CNT composite was performed by SEM and FT-IR. SEM micrographs of the CNT, unmodified or with CoTSPc, are shown in Figs. 1(a) and 1(b) , respectively. The molecules of the complex were well distributed over the surface of the CNT, without the formation of large aggregates.
FT-IR images of the materials are shown in Fig. 1 (c) (unmodified CNT), Fig. 1(d) (CoTSPc complex), and Fig. 1(e) (CoTSPc/CNT composite). For the unmodified CNT, the spectrum showed a band at 3440 cm -1 associated with the axial strain of H-H intramolecular bonds. A typical CNT band was observed between 2850 and 3000 cm -1 , with a maximum at 2920 cm -1 , attributed to C-H stretching. 25 A second band, with a peak at 1625 cm -1 , was associated with stretching vibration of -C=C-in the CNT skeleton. 26 The bands observed in the spectrum obtained for the CoTSPc complex corresponded to vibrations of specific groups found in the molecular structure of the compound. 27 The spectrum obtained for the CoTSPc/CNT composite confirmed that modification of the CNT by the CoTSPc complex occurred through a process of physical adsorption, since the characteristic bands of compounds observed in Figs. 1(c) and 1(d) were again observed after modification of the CNT, without the appearance of new bands in the spectrum of the composite.
Electrochemical behavior of the CoTSPc/CNT/OMIM[BF4]/ AChE biosensor and amperometric curves of TCh
The composite by cross-linking with glutaraldehyde and chitosan, an inert protein possessing amine groups (NH2) that participate in the cross-linking reaction. 28 As shown in Fig. 2 (a) (curve 1), no peak was observed for CNT/OMIM[BF4]. In curve 2 of Fig. 2(a) , a redox couple can be seen, with anodic and cathodic peaks at about 0.0 and -0.18 V vs. Ag/AgCl, respectively. These peaks can be attributed to oxidation and reduction of the metallic cobalt site of the CoTSPc. However, in curve 3 of Fig. 2a , the anodic oxidation peak at 0.0 V vs. Ag/AgCl was due to the oxidation of TCh (the hydrolysis product of ATCh) catalyzed by the immobilized AChE and the peak current showed a sharp increase. This potential is about 700 mV vs. Ag/AgCl lower than the potential of direct oxidation of TCh on an unmodified carbon paste electrode (inset of Fig. 2a) .
The low oxidation overvoltage of TCh and the increase of current at the CoTSPc/CNT/OMIM[BF4]/AChE biosensor was due to the electrocatalytic activity of the CoTSPc complex, the large working surface area and electrical conductivity of the CNT. Furthermore, the presence of the ionic liquid (OMIM[BF4]) can accelerate the electron-transfer kinetics of TCh oxidation due to the electrostatic interaction at pH 8.0 (the optimum pH for AChE) between negatively charged TCh and the imidazolium cation. 29 The enzymatically formed TCh can be electrochemically oxidized at a low applied potential (0.0 V). The coupling of the enzymatic oxidation of TCh and the electrochemical reduction of CoTSPc forms a reaction cycle, which results in amplification of the signal. A fast and efficient electroreduction of CoTSPc at the modified electrode makes it possible to recycle the substrate almost quantitatively, which provides the proposed AChE biosensor with an additional advantage in terms of operational stability.
Cyclic voltammograms were also obtained with Nujol oil in replacement of the ionic liquid as binder compound (Fig. 2(b) ). In the presence of the substrate (ATCh), the Nujol oil/CNT paste electrode produced no peak in the CV (Fig. 2(b) , curve 1), while the CoTSPc/CNT/Nujol oil paste electrode produced a couple redox of the CoTSPc complex (Fig. 2(b) , curve 2). The oxidation peak for TCh (Fig. 2(b) , curve 3) was very low in comparison to the CV of Fig. 2(a) (curve 3) , which confirms the fundamental importance of the ionic liquid for the oxidation process of TCh.
In Fig. 3 As shown in Fig. 3 (curves 1 -4) , no electrochemical response was observed for composite materials in the absence of AChE. However, in curves 5 and 6 of Fig. 3 , the amperometric response at 0.0 V vs. Ag/AgCl was due to the oxidation of TCh (the hydrolysis product of ATCh) catalyzed by the immobilized AChE. The low oxidation overvoltage to TCh and the higher current at the CoTSPc/CNT/OMIM[BF4]/AChE biosensor was due to the electrocatalytic activity of the CoTSPc complex, the large working surface area and electrical conductivity of the CNT.
Other 
where Icat and IL are the currents in the presence and absence of ATCh, respectively, kcat the catalysis rate constant, C0 the concentration of ATCh, and t the time (in seconds). The time interval used in this experiment was of 0.8 up to 1.7 s. From the slope of a plot Icat/IL vs. t 1/2 , the kobs value of TCh concentration range 0 -5.0 mmol L -1 can be calculate. Figure 4 shows chronoamperograms and experimental data processing for determining the average kobs value. This figure shows plots constructed from the chronoamperograms (inset of Fig. 4 ), in the absence and presence of ATCh, and the average kobs value calculated from the slope (3.67 × 103 mol -1 L s -1 ) was higher than, or similar to, the obtained for other types of electrodes employed for TCh detection, 14, 29 indicating that the composite based on CoTSPc/CNT/OMIM[BF4] presented excellent electrocatalytic properties in terms of TCh oxidation.
Influence of phosphate buffer pH, type of buffer solution and ATCh concentration
The effect of the pH was first investigated at pH values of 6.0; 6.5; 7.0; 7.5, 8.0 and 8.5. There was a considerable increase in , followed by a decrease (Fig. S2a, Supporting Information) . This could have been due to the attainment of equilibrium in the rate at which the enzyme catalyzed the substrate, so that subsequent increases of the substrate concentration did not increase the catalysis rate. An ATCh concentration of 50.0 mmol L -1 was therefore selected.
Study of the incubation time of the CoTSPc/CNT/OMIM[BF4]/ AChE biosensor on inhibition of AChE and Pesticides determination
The improvement of pesticide detection can be achieved by increasing the incubation time. 12 In this work, the current of the -1 for fenitrothion, dichlorvos, and malathion, respectively. These limits were calculated using 3×SDb/slope ratio, where SDb is the standard deviation calculated from the ten background current values. The detection limits and linear ranges obtained in this work were similar to, or better than, many reported in the literature using other sensors. 10, 12, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] This can be attributed to the efficiency of electron transfer between the CoTSPc/CNT/OMIM[BF4]/AChE biosensor and TCh, due to the catalytic effect of the CoTSPc/CNT/OMIM[BF4] composite. In addition, the reaction occurring at the CoTSPc/ CNT/OMIM[BF4]/AChE biosensor very quickly reached a dynamic equilibrium after each addition of the analyte, with a response time of less than 1 s for the signal to reach 100%. Since the technique showed a combination of high sensitivity, low detection limits, and fast response times, the CoTSPc/CNT/ OMIM[BF4]/AChE biosensor may have potential applications in electrochemical detectors for the determination of OP pesticides using HPLC and capillary electrophoresis systems.
Reactivation, repeatability, and stability of the biosensor
Another interesting characteristic of the AChE biosensor was that the inhibition induced by the pesticides could be reversed. It has been reported that 98% of the enzymatic activity can be restored within 15 min of incubation of the inhibited biosensor in a 2-PAM solution. 44, 45 It is possible that many pesticides could cause this type of reversible inhibition. Here, the repeatability and stability of the 
Application of the sensor in water samples
The proposed sensor was employed for the determination of pesticides in river, underground, and tap water samples. The concentrations of pesticides in the samples (using five replicates) were measured using the proposed technique and a reference method for water samples (Table 1) . A comparison of the two methods using the paired Student's t-test showed that there were no statistically significant differences (at the 95% confidence level). The concentrations of pesticides were determined using calibration curves generated using external standards. The results showed that, for the samples evaluated, the new biosensor was not influenced by any matrix interferences. The recovery of the spiked samples ranged between 97 and 102%, indicating that the proposed biosensor is effective, and can be applied for OP determination in real samples. These findings demonstrated that this biosensor is a feasible alternative for pesticide determination, offering a combination of sensitivity, robustness, stability, precision, and speed.
Conclusions
The CoTSPc/CNT/OMIM[BF4]/AChE biosensor developed here presents excellent electrochemical properties in terms of TCh oxidation, enabling the ssable and sensitive detection of TCh at low oxidation potential (0.0 V vs. Ag/AgCl). TCh oxidation on the CoTSPc/CNT/OMIM[BF4]/AChE biosensor showed a larger current, compared to a Nujol oil/CoTSPc/CNT/AChE biosensor. This could be explained by the electrocatalytic activity of the CoTSPc complex, the high surface area and high electrical conductivity of the CNT, and the ability of the OMIM[BF4] ionic liquid to accelerate the electron-transfer kinetics of TCh oxidation, due to the electrostatic interaction between negatively charged TCh and the imidazolium cation. This amperometric biosensor was successfully developed for a highly sensitive determination of OP pesticides, and provided very low detection limits combined with high sensitivity. The work described here illustrates a simple and novel approach to the development of improved amperometric enzyme-based sensors for pesticide determination.
